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ARTICLE INFO ABSTRACT
Keywords: The complex alterations of the immune system and the immune-mediated multiorgan injury plays a key role in
Post-acute SARS-CoV-2 symptoms host response to SARS-CoV-2 infection and in the pathogenesis of COVID-19, being also associated with adverse

Thymosin alpha 1
Immune regulation
Anti-inflammatory response

outcomes. Thymosin alpha 1 (Tal) is one of the molecules used in the treatment of COVID-19, as it is known to
restore the homeostasis of the immune system during infections and cancer. The use of Tal in COVID-19 patients
had been widely used in China and in COVID-19 patients, it has been shown to decrease hospitalization rate,
especially in those with greater disease severity, and reduce mortality by restoring lymphocytopenia and more
specifically, depleted T cells. Persistent dysregulation with depletion of naive B and T cell subpopulations and
expansion of memory T cells suggest a chronic stimulation of the immune response in individuals with post-acute
sequelae of SARS-CoV-2 infection (PASC). Our data obtained from an ex vivo study, showed that in PASC in-
dividuals with a chronically altered immune response, Tal improve the restoration of an appropriate response,
most evident in those with more severe illness and who need respiratory support during acute phase, and in those
with specific systemic and psychiatric symptoms of PASC, confirming Tal treatment being more effective in
compromised patients. The results obtained, along with promising reports on recent trials on Tal administration
in patients with COVID-19, offer new insights into intervention also for those patients with long-lasting
inflammation with post-infectious symptoms, some of which have a delayed onset.

1. Introduction actors such as myeloid cells have been described as responsible for the
pathophysiology of the disease by contributing to local tissue damage

SARS-CoV-2 infection is able to activate macrophages and dendritic and acting as potential producers of cytokines that lead to the hyper-
cells that trigger an initial immune response, including lymphocytosis inflammatory state observed in severe COVID-19 [4-7]. In agreement,
and cytokine release, often leading to an uncontrolled cytokine storm the marker of viral disease CD169 [8] was shown to be strongly
that results in respiratory stress syndrome (ARDS) [1-3]. In this context, increased in circulating monocytes from COVID-19 patients compared to

Abbreviations: a-COV, Acute COVID-19; AA, Ambient Air; CDC, Center for Desease Control and Prevention; EM, Effector Memory; Tfh, Follicular Helper Lym-
phocytes; HD, healthy donors; PASC, Post-acute Sequelae of SARS-CoV-2 infection; PCC, post-COVID conditions; PD-1, Programmed Cell Death-1; ARDS, Respiratory
Stress Syndrome; Resp Sup, Respiratory Support; RPMI, Roswell Park Memorial Institute; SEV, Severe Acute Phase of Infection; TEM, Terminal Effector Memory; Tal,
Thymosin Alpha 1.
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Table 1
Clinical data of PASC individuals (N = 10).

International Immunopharmacology 118 (2023) 110055

Percentage (%)

Number
Sex (F/M) 3/7 30/70
Severity in Acute Phase (yes/no) 6/4 60/40
Respiratory support (yes/no) 6/4 60/40
Comorbidities 2/8 20/80
PASC symptoms
Sistemic 5/5
Cardiorespiratory 5/5
Cutaneous 6/4
Gastrointestinal 7/3
Neurological 5/5
Psichiatric 5/5

Interquartile Range (IQR) (25-50-75)
Age 32.75 55.00 75 Years
Days of Hospitalization in Acute Phase 0 10.50 68.65 Days
Weeks after the-Acute Infection 9.75 22 14.75 Weeks

Biochemical Data

Interquartile Range (IQR) (25-50-75)

RED BLOOD CELLS 3.16
HEMOGLOBIN 11.77
HEMATOCRIT 34.52
PLATELETS 131.75
WHITE BLOOD CELLS 5.24
NEUTROabs 3.21
LYMPHOabs 0.82
MONOabs 0.28
EOabs 0.00
BASOabs 0.01
NEUTROperc 60.60
LYMPHOperc 13.30
MONOperc 6.10
EOperc 0.00
BASOperc 0.175
PTper 73.50
PTINR 1.02
PTSec 11.92
APTTRATIO 0.90
APTTSec 26.50
Fibrinogen 420.00
D-DIMER 333.50
GLYCEMIA 102.50
AZOTEMIA 29.25
ALBUMIN 3.50
AST 19.25
ALT 11.00
LDH 207.00

Reactive C Protein (RCP)
Red colour for values out of Normal Range

10.42

Range values

4.08 4.79 4.40-6 (10%/u1)
12.70 13.47 13-18 g/dl
38.30 41.17 36-51 (%)
217.50 246.75 150-450 (10%/ul)
6.11 8.81 4.30-10.8 (103/ul)
458 5.735 103/l L

1.285 2.0125 10%/ul

0.45 0.64 10%/ul

0.015 0.05 10%/uL

0.01 0.015 10%/uL

66.35 82.45 40-75 (%)

22.90 32.10 20-45 (%)

6.95 0.775 3,4-11 (%)

0.30 0.80 0-7 (%)

0.20 0.30 0-1,50 (%)
88.50 95.50 70-130 (%)

1.08 1.20 0,80-1,20

12.95 14.25 sec

0.925 1.07 0,80-1,20

27.10 30.57 25-38,50 (sec)
614.50 682.50 200-400 (mg/dl)
470.00 982.75 0-500 (ng/ml)
112.50 131.00 83-100 (mg/dl)
34.50 62.50 18-55 (mg/dl)
3.90 4.00 3,20-4,60 (gr/dI)
21.50 48.00 5-34 (U/1)

24.00 47.50 0-55 (U/D)
230.00 363.00 125-220 (U/1)
34.45 68.72 0-5 mg/1

those from healthy donors [9]. The complex alterations of the immune
system and the immune-mediated multiorgan injury plays a key role in
host response to SARS-CoV-2 infection and in the pathogenesis of
COVID-19, and modification of total lymphocytes indicates a potential
association between this cell subset and viral pathogenic mechanism.
The function of natural killer and CD8 + T cells has been found to be
affected during infection and restoration after therapy, highlighting the
association of functional exhaustion of cytotoxic lymphocytes with
COVID-19 and high circulation of cytokine, which have been associated
with adverse outcomes [10,11]. Hence, the viral sepsis observed in more
severe COVID-19 is the systemic consequences causing the multi-organ
dysfunction syndrome [12,13].

For its pleiotropic activities, especially in restoring the homeostasis
of the immune system during infections and cancer [14-16], Thymosin
alpha 1 (Tal) is one of the molecules used in the treatment of COVID-19,
and several studies demonstrated its possible involvement in the control
of the disease [17,18]. In our previous work, we observed the upregu-
lation of genes associated with cytokine signalling and production in
blood cells from COVID-19 patients, and that ex vivo treatment with Tal

was able mitigate cytokine storm [19]. Moreover, we captured the
interconnected biological processes regulated by Tal in CD8 + T cells
under inflammatory conditions, demonstrating the ability of Tal to
inhibit lymphocyte activation in the CD8 + T cell subset specifically,
highlighting the possible Tal mechanism of action in COVID-19.

After three years from the first cases, it is well known that SARS-CoV-
2 infection causes several alterations that have an impact on various
body districts, with important and persistent symptoms after infection.
Complex symptoms lasting more weeks after infection have been
defined by Centre for Disease Control and Prevention (CDC) as post-
acute sequelae of SARS-CoV-2 infection (PASC) characterized by
neurological, cardiorespiratory, and others physical problems, but also
social and psychological impairments [20-22]. In PASC individuals,
persistent immune dysfunction has been demonstrated to be caused by a
chronic inflammatory state. Pro-inflammatory cytokines such as IL-1, IL-
6, TNF-a persist at the serum level even after SARS-CoV-2 infection,
probably defining the persistent inflammation present in individuals
with PASC. Additionally, PASC with symptoms shown higher levels of
IL-17 and IL-2, while subjects without alterations showed higher levels
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Fig. 2. Flow cytometry analysis of differentiation and exhaustion markers in PASC individuals treated with Tal. A) Representative dot plots of differentiation
markers (CD45RA and PD-1 CCR7) and exhaustion marker in CD37CD4" (A) and CD37CD8™ (C) lymphocytes in presence or not of Tal. B) Data are represented as
Histogram (Delta of Tal vs untreated) of differentiation and exhaustion markers in CD3"CD4" (B) and CD3"CD8" (D) T cells. The nonparametric Kruskal-Wallis test
for independent samples and the Friedman test for dependent samples were used. Statistically significant values were considered when p < 0.001 (***).

of modulatory cytokines such as IL-10 [23]. Furthermore, persistent
immune dysregulation with depletion of naive B and T cells and
expansion of PD-1 (Programmed cell death-1) + CD8 memory T cells

was described in PASC individuals [24].
Based on previous data and promising achievements obtained from

several trials of the treatment with Tal in acute COVID-19 patients
[17,18], aim of this work was to evaluate the possible role of Tal in
modulating the expression of genes and proteins involved in immune

response, cytokine storm and inflammation in post-COVID syndrome.
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Table 2
Interquartile range and Friedman test of differentiation and exhaustion markers in blood samples from PASC individuals after Tal treatment (N = 10).
CD3 CD4CD8 CD3CD8 CD3CD4
IQR 25 34,72 1,15 22,52 49,60
50 50,26 2,66 36,85 56,05
75 60,77 4,92 43,48 62,00
CD3 CD4CD8 CD3CD8 CD3CD4
+Tal +Tal +Tal** +Tal**
IQR 25 36,25 1,49 22,50 48,92
50 51,00 2,67 37,35 54,96
75 61,25 3,66 43,72 62,00
CD4naive CD4CM CD4EM CD4TEM CD4PD1 CD4CD57
IQR 25 24.38 16.62 45.78 0.00 3.58 1.34
50 32.20 25.02 59.51 0.68 8.93 2.72
75 37.50 30.60 66.91 5.14 15.33 3.52
CD4naive CD4CM CD4EM CD4TEM CD4PD1 CD4CD57
+ Tal + + + Tal + Tal** + Tal
Tal** Tal**
IQR 25 16.64 10.56 44.06 0.00 2.88 1.63
50 32.20 23.12 61.50 0.63 7.19 3.15
75 38.02 33.93 67.40 4.82 13.50 3.73
CD8naive CD8CM CDS8EM CDS8TEM CD8PD1 CD8CD57
IQR 25 2.25 38.45 6.50 0.40 2.39 16.04
50 23.47 43.00 39.00 9.50 3.84 25.49
75 32.96 53.98 45.61 12.75 5.28 31.75
CD8naive CD8CM CDS8EM CDS8TEM CD8PD1 CD8CD57
+ Tal** + Tal +Tal** +Tal** +Tal
+Toal**
IQR 25 4.50 37.83 7.31 0.15 1.91 17.73
50 25.16 47.24 39.00 8.50 2.42 24.50
75 35.81 53.93 47.60 10.77 3.38 31.50

** p<0.01 Friedman test for dependent samples were used

2. Materials and methods
2.1. Enrolment of patients and clinical data

Ten post-acute sequelae of SARS-CoV-2 infection (PASC) previously
hospitalized during the acute Policlinic phase of Tor Vergata in the In-
fectious Diseases Clinic were enrolled in an open study by the De-
partments of System Medicine and Experimental Medicine of the
University of Rome, ‘Tor Vergata’. Ethical approval for the collection
and use of human samples was obtained from the ethics board of the
Hospital 'Tor Vergata’, COrona VIrus Disease: Safety and efficacy of
experimental treatment (COVID_SEET prot.7562/2020, 9 April 2020,
experimental register 46.20).

All subjects included in the study provided their written informed
consent. Clinical data from PASC individuals were collected and re-
ported in Table 1. It should be noted that the specific biochemical
alteration (high level of CRP, fibrinogen, and LDH) remains persistent
even several weeks after acute infection. For certain molecular and
immunological analysis, this cohort was compared with healthy donors
(HD) and acute COVID-19 (a-COV) enrolled in a previous study [19].

2.2. Ex vivo treatment

Blood samples were diluted (1:2) in Roswell Park Memorial Institute
(RPMI) 1640 medium enriched with 2 mM L-glutamine, 100 U / ml of
penicillin, 0.1 mg/ml of streptomycin, 10% fetal bovine serum. Blood
samples were exposed to 50 pg/ml Tal for 48 h at 37° C in 5% CO,
(SciClone, Pharmaceutical). After incubation, samples were collected
and analyzed by flow cytometry and real-time PCR. Each treatment
condition was done in duplicate.

2.3. Real-time analysis

Blood samples were centrifuged and treated twice with red blood
lysing buffer to remove red cells. After extraction, 100 ng of DNase-

treated RNA (blood from the total RNA extraction kit, Grisp) was
reverse transcribed into cDNA according to the manufacturer’s protocol
(ImProm-IITM reverse transcription system, Promega). Gene expression
was evaluated by real-time PCR on the Bio-Rad instrument CFX96Real-
Time System, using SYBR Green (SMOBIO) chemistry and primers pairs
as previously described [19].

2.4. Flow cytometry analysis

Blood samples (100 pL) were vortexed for 5 min and incubated for
15 min in the dark with 1.5 ml of VersaLyse Lysing Solution (Beckman
Coulter, BC) to lyse red blood cells and select the total leukocyte pop-
ulation. Samples were incubated with antibodies of interest for 15 min in
the dark: anti-human CD38-ECD, CD4-APC, CD8-BV605, CD3-BV510
(Biolegend). The stained cells were then washed with Dulbecco’s
phosphate buffered saline, permeabilized with the IntraPrep Per-
meabilization Reagent kit and stained with anti-human IL-6 FITC
(Immunotool), anti IFN-y BV650 (BD Bioscences) and anti-IL-10 AF700
(BCQ). For certain analyses, the DuraClone IM T-cell subset tube (B53328,
BC) was used and gated according to the Manufacturer’ instructions.

All stained cells were analyzed using CytoFLEX software (Beckman
Coulter) and CytExpert 2.3 (BC). Results were expressed as percentage
of positive cells.

2.5. Statistics

Statistical analysis of group-wise expression levels and response to
treatment was performed using the nonparametric Kruskal-Wallis tests
in the case of independent samples and through the Friedman test in the
case of dependent samples. Pairwise associations between continuous
variables were tested and the Spearman correlation coefficient was
calculated. Significant differences are shown as *p < 0.050, **p < 0.010
and *** p < 0.001. Data analysis were performed using the SPSS sta-
tistical software system (version 23.0 for Windows, USA).
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Fig. 3. Flow cytometry analysis of intracellular cytokine expression in PASC individuals treated with Tal. A) representative histogram overlay (N = 3 individuals) of
IL-6, IFN and IL-10 in lymphocytes in presence or absence of Tal (red line untreated, blue line treated cells). B) representative histogram overlay (N = 1 individuals)
of IL-6, IFN and IL-10 in CD3"CD4" and CD3"CD8" T cells in presence or absence of Tal. C) Box plot of changes in Tal treatment (delta of Tal vs. untreated) of
cytokines protein changes in both the CD37CD4 * and CD3"CD8" subsets. Statistically significant values were considered when p < 0.01 (**). The nonparametric
Kruskal-Wallis test was used for independent samples and the Friedman test for dependent samples. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Friedman test was used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results

3.1. Persistent deregulation of differentiation and exhaustion T cells
markers in PASC individuals

By means of flow cytometry analysis, a restoration in the percentage
of lymphocytes was observed in PASC individuals with respect to a-COV,
with results comparable to those observed in HD (Fig. 1A). A deep
analysis of markers associated with the differentiation process of CD8"
and CD4" T cells (Fig. 1B), as well as exhaustion markers (Fig. 1C),
demonstrated that a-COV had a significant alteration in T-cell differ-
entiation markers with a relevant decrease in naive cells and an
expansion of the effector memory (EM) compartment. Concomitantly, a
significant increase in terminal effector memory (TEM) associated with
a major loss of function occurred, particularly in CD8" T cells. In PASC
individuals, this situation remained unchanged compared to a-COV with
a persistent loss of naive cells and a higher percentage of TEM in both the
CD4" and CD8" T cell compartments, confirming the failure to recover
the normal immune homeostasis in these subjects.

The expression of the exhaustion markers PD-1 was significantly
increased in the T cells of a-COV patients and remained altered in the
PASC state, suggesting chronic functional exhaustion in these in-
dividuals (Fig. 1 and Table S1).

3.2. Treatment with Tal determines a reduction in central memory cells,
an increase in effector Memory, and a mitigation of PD1 expression in
PASC individuals

Taking into account the persistent immune dysfunction in

individuals with PASC several weeks after the acute phase, we investi-
gated the effects of Tal ex vivo treatment on blood cells of these in-
dividuals. Treatment with CD4 " T cells resulted in a decrease in central
memory (CM) cells toward an EM profile and a significant decrease in
cells expressing PD-1. Moreover, in CD8™ T cells a significant decrease in
PD-1 and terminally differentiated cells was observed, suggesting that
also in PASC individuals Tal modulated important processes favouring a
restoration of a correct immune response (Fig. 2 and Table 2).

3.3 Tal treatment decreases intracellular IL-6 and IFN-y protein
expression and increases IL-10 protein expression in T cell com-
partments and in activated CD8" T lymphocytes of PASC
individuals.

To better understand the impact of Tal treatment on inflammation,
the analysis of intracellular expression of some cytokines was analyzed
by flow cytometry. Ex vivo treatment with Tal determined a significant
decrease in cells expressing IL-6 and IFN-y in the CD8 * and CD4" T
compartments and a significant increase in cells expressing IL-10
(Fig. 3A-C).

Furthermore, treatment with Tal significantly reduced the number
of cells expressing IL-6 specifically in activated CD8" T cells expressing
the CD38 (Fig. 4A and 4B), confirming its ability to regulate a context-
dependent response in specific cells.

3.3. Tal immunomodulation is associated with severity and respiratory
support in the acute phase and with some PASC symptoms

Post-COVID-19 infection is associated with long-term systemic
symptoms, such as cardiologic and neurological symptoms. We analysed
the ex-vivo impact of Tal treatment in the immune regulation of some
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pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

specific parameters associated with the acute phase of the infection
(severity and respiratory support) and with PASC specific symptoms. In
PASC individuals with an history of severe disease during the acute
phase of the infection (SEV), compared to PASC with mild symptoms
during the acute phase (MILD), Tal treatment resulted in a significant
decrease in PD-1 expression in CD4" T cells and a significant increase in
IL-10, while in CD8' T cells Tal increased the expression of IFN-y
positive cells (Fig. 5A). Furthermore, dividing the PASC into two groups,
based on the need for respiratory support during the acute phase,
Ambient Air (AA) versus any Respiratory Support (Resp Sup), Tal
treatment resulted in a significant increase in naive CD4" T cell per-
centage and a decrease in CD8" TEM T cell percentage in PASC in-
dividuals of res Sup group (Fig. 5B). Hence, these data underline how
Tal treatment seems to be more effective in patients who had a more
severe condition in the acute phase. Analysing post-acute infection
symptoms, in blood cells from PASC subjects with systemic symptoms

such as asthenia, myalgia, fever and joint pain, Tal treatment signifi-
cantly reduced the percentage of PD-1 expressing CD4" T cells. More-
over, the treatment induced a significant increase in CD8" CM T cells
from people with psychiatric symptoms (anxiety, depression, and
emotional lability (Fig. 5C).

3.4. Tal reduced pro-inflammatory cytokine mRNA expression and
increased IL-10 expression in PASC individuals.

To further verify the ability of Tal in modulating cytokine storm in
blood cells from PASC individuals, we have analysed the cytokines
expression also at the transcriptional level. Patients with acute COVID-
19 (a-COV) had higher expression of IL-6, TNF-a and IL-1p with
respect to HD and also to PASC at basal level (Fig. 6A and B). The ex-vivo
treatment with Tal of blood samples of a-COV patients reduced the
expression of these pro-inflammatory and conversely induced the
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Fig. 6. Effects on immune regulation by Tal treatment in blood cells from Acute COVID-19 and PASC individuals. Transcriptional levels in human blood samples
from individuals with acute COVID-19 (a-COV, N = 15), PASC (N = 10) and healthy donors (HD, N = 5). Data are represented as a box plot, showing mild (grey) and
extreme (point) outliers. Expression levels were analyzed by real-time PCR and represented in logarithmic scale. A) Relative expression in the presence or absence of
Tal and (B) Tal treatment changes (delta of Tal vs untreated) of IL-6, TNF-a, IL-1p, IL-17 and IL-10. Statistically significant values were considered when p < 0.010
(**). The nonparametric Kruskal-Wallis tests in the case of independent samples and the Friedman test for dependent samples were used.

expression of anti-inflammatory cytokine IL-10. In PASC individuals,
Tal treatment determined a difference in the expression of IL-1p and IL-
17 with respect to HD, accompanied to an increased expression of IL-10
(Fig. 6B).

4. Discussion

For its ability to restore immune system homeostasis during in-
fections from different types of pathogens [25,26], Tal has been pro-
posed for immunomodulation in COVID-19 [17,18,27,28]. Indeed, Tal
has already been used in China during the SARS-CoV-2 outbreak [17].
Moreover, Tal has already been shown to reduce mortality and improve
immune responses in patients with sepsis [29]. Immunophenotyping
analyses revealed a strong effect of Tal in T cell subsets increasing
lymphocyte counts, representing a potential approach to protect effector
T cells during COVID-19 [30]. We have previously demonstrated that
Tal attenuated transcriptional expression levels of the major cytokines
and factors responsible for the cytokine storm in COVID-19 patients.
Indeed, Tal can contribute to inhibit IL-6 at the protein level and reduce
lymphocyte activation, particularly in the CD8" T-cell subset, which has
been associated with disease severity [19]. Hyper-inflammation and
immune-mediated injury characterizing COVID-19 disease have been
associated with poor outcomes in patients and suggested the potential
advantage of anti-inflammatory drugs [20]. Indeed, a sepsis-like con-
ditions has been found in COVID-19 [31], with complex alterations of
the immune system ranging from inhibition to activation and exhaustion
[32]. The immunopathological condition of patients with COVID-19 is
characterized by lymphopenia, a relative increase in neutrophils,
depletion of CD8 + T cells, and a rise in Th17 and a decrease in regu-
latory T cell responses, often associated with hyper inflammation and
subsequent cytokine storm [33]. The inefficient and uncontrolled initial
response is then reflected at the systemic level. At a cellular level, severe
lymphopenia was observed specifically in T cells, and was associated
with disease severity. The causes of lymphopenia could be found in the
excessive inflammation, in particular due to high levels of the cytokine

IL-6 and down-regulation of genes involved in T cell expansion [34]. In
the context of viral infections, CD8" T lymphocytes block infected cells
producing effector molecules such as granzyme A / B and perforin, or
through CD95/Fas-mediated apoptosis; CD4" follicular helper T lym-
phocytes stimulate B lymphocytes to produce specific antibodies [35],
but lymphopenia does not allow proper antiviral T cell activity function.
Indeed, a significant change in the differentiation phenotype with an
increase in terminal effector memory T cells and a decrease in naive and
early memory T cells, as well as with elevated expression of the senes-
cence marker CD57 could explain this dysfunction of the immunological
response [36,37]. Furthermore, an increase in PD-1, which regulates cell
exhaustion, was found in CD4" and CD8" T cells [38-41]. In this
context, several molecules with inhibitory and immunomodulatory ac-
tivities have been found to inhibit SARS-CoV-2 infection [42,43].
However, the controversy in the scientific community regarding their
effectiveness is still open[44].

Unfortunately, the persistent inflammatory state and inadequate
immune response, characteristic of the acute phase of COVID-19 disease,
can persist over time and cause post-acute COVID syndrome. Individuals
with Long-COVID, also defined as PASC, showed significant immune
activation and a reduced proportion of naive T and B cells and high
expression of IFN-f and IFN-A1 [45]. The alterations that appear post-
infection could be caused by a persistent chronic inflammatory state.
It has been recently demonstrated that cytokines such as IL-1p, IL-6,
TNF-a and the S100A8/A9 protein persist at serum level even after
SARS-CoV-2 infection and could cause persistent inflammation present
in PASC individuals [46]. Our results showed that in this cohort, as
previously seen in another group of acute patients [18], treatment with
Tal resulted in a significant decrease in IL-6 and IFN-y expressing T cells
in both CD4 + and CD8 + T lymphocyte subsets. Furthermore, in CD8 +
T cells there was also a significant increase in the percentage of cells
expressing IL-10, a key regulator of the immunologic response, specif-
ically suggesting the need to have a high expression of this regulatory
cytokine to counteract ongoing chronic inflammation, and the ability of
Tal treatment to further increase it.
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It is noteworthy that IL-6 was significantly decreased in Tal-treated
activated CD38 + CD8 + T cells, highlighting the ability of Tal in the
attenuation of inflammation specifically in the CD8 + T cell compart-
ment, as previously demonstrated in both COVID-19 and HIV infection
[19,25,47].

Several recent studies profiling the immune system in individuals
recovering from COVID-19 using multi-parametric flow cytometry, bulk
and single-cell transcriptomic, and other approaches [48-53] demon-
strated persistent dysregulation in immune cell subtypes in COVID-19
convalescents, depletion of naive B and T cell subpopulations, and
expansion of memory PD-17CD8" T cells. These evidences suggested
persistent conversion of naive T cells into activated states resulting in
chronic stimulation of the immune response in individuals with PASC
[46].

In the PASC patients enrolled for this study, despite the recovery of
the percentage of lymphocyte subsets, which were comparable to those
observed in HD, the analysis of cell phenotype and differentiation,
revealed a condition surprisingly similar to that observed in the a-COV
group, confirming data from the literature that emphasize the failure of
PASC to recover immune homeostasis, even several weeks/months after
acute infection [46]. Our data demonstrated that in PASC individuals
with a chronically altered immune response, Tal appeared to promote
the restoration of an appropriate immune response. Indeed, treatment
with Tal changed the profile of T cell differentiation in both CD4" and
CD8™ subsets from PASCs by increasing central memory cells in CD4™ T
subset, while in the CD8" T subset there was a significant increase in
naive and an equally important decrease in TEM. Furthermore, the
percentage of cells that express the PD-1 exhaustion marker decreased in
both subsets after treatment. Interestingly, the decrease in CD4" T cells
expressing PD-1 and the increase in IL-10 CD4" expressing cells due to
Tal treatment, were most evident in PASC individuals with a history of a
more severe form during the acute phase of COVID-19. Furthermore,
with respect to the need for respiratory support in the acute phase, ex
vivo treatment increased the percentage of CD4' naive cells and
decreased CD8" TEM, confirming how the use of Tal treatment is most
effective in more severe patients.

Recovery from SARS-CoV-2 infection is often associated with other
persistent symptoms months after infection, including fatigue, muscle
weakness, sleep disruption, and anxiety or depression that were asso-
ciated with persistence of chronic inflammatory and immune dysfunc-
tion [54-56].

In PASC individuals with systemic symptoms such as asthenia, fever,
myalgia and join pain, Tal treatment determined a significant decrease
of exhausted cells more than in individuals without these symptoms.
Moreover, Tal increased the percentages of CD8" CM T cells in PASC
with psychiatric symptoms such as anxiety, depression, and emotional
lability. These aspects suggested how the immune restoration and anti-
inflammatory effect of Tal could be useful in the management of com-
plex symptoms distinctive of PASC individuals. A limitation of the study
is the limited number of patients included in this cohort. Further studies
on wider cohorts are needed to confirm these preliminary data. These
results, along with the promising reports on recent trials on Tal
administration in COVID-19 patients, offer new insights into treatment
options for COVID-19 after the acute phase of the disease, specifically for
those patients with long-lasting inflammation, experiencing disabling
post-infectious symptoms, some of which appear with delayed onset.
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